Modeling and analysis of a 40 GHz MIMO system for fixed wireless access by Bøhagen, Frode et al.
UIVERSITY OF OSLO
D ep a rtm e n t o f In fo rm a tic s
Modeling and Analysis
of a 4 0 G H z MIMO
S ystem for
F ix ed W ireless Access
R esearch R ep ort 3 5 3
F rode B ø h agen
P a˚l O rten
G eir E . Ø ien
Isb n 8 2 -7 3 6 8 -3 1 0 -9
Issn 0 8 0 6 -3 0 3 6
M a rch 2 0 0 7
1M o d e lin g a n d A n a ly s is o f a 4 0 G H z M I M O
S y s te m f o r F ix e d W ir e le s s A c c e s s
F r o d e B ø h a g e n , P a˚ l O r te n , a n d G e ir E . Ø ie n
Abstract
T h e th r o u g h p u t o f a p o s s ib le f u tu r e fi x e d w ir e le s s a c c e s s multiple-input multiple-output ( M I M O )
s y s te m o p e r a tin g a t h ig h f r e q u e n c ie s is in v e s tig a te d . W e e x te n d o u r p r e v io u s th e o r e tic a l w o r k o n
M I M O f o r line-of-s ig h t ( L O S ) c h a n n e ls to s h o w th a t a c o n s id e r a b le g a in in th r o u g h p u t is a c h ie v e d
c o m p a r e d to s ing le-input s ing le-output tr a n s m is s io n f o r a p r a c tic a l s y s te m , w h ic h a m o n g o th e r
th in g s is s u b je c t to a n te n n a a r r a y s iz e c o n s tr a in ts . I n o u r in v e s tig a tio n w e a p p ly a p r o p a g a tio n
m o d e l a p p lic a b le f o r h ig h f r e q u e n c ie s , w h e r e o f te n L O S is r e q u ir e d f o r s u ffi c ie n t c o v e r a g e , a n d
w h e r e w e a th e r p h e n o m e n a lik e r a in h a v e c o n s id e r a b le im p a c t o n th e q u a lity o f th e r a d io lin k . A
s ta te o f th e a r t tr a n s m is s io n s c h e m e is u tiliz e d w ith e ig e n m o d e tr a n s m is s io n , lo w d e n s ity p a r ity
c h e c k c o d e d m o d u la tio n , p o w e r c o n tr o l, a n d b it lo a d in g . T h e p e r f o r m a n c e is e v a lu a te d b o th w ith
r e s p e c t to th r o u g h p u t a n d S h a n n o n c a p a c ity .
I . I N T R O D U C T I O N
F ix ed w ireles s a c c es s ( F W A ) is a fl e x ib le a n d c o s t e ffi c ie n t w a y to b r in g n e tw o r k a p p li-
c a tio n s s u c h a s I n te r n e t a n d te le p h o n y to o rg a n iz a tio n s a n d h o m e s . T h is te c h n o lo g y r e q u ir e s
n o e x p e n s iv e a n d tim e c o n s u m in g d ig g in g o f c a b le s , a n d is e a s ily s c a la b le w ith r e g a r d to
th e a p p lic a tio n s ’ d e m a n d . S o m e p r e d ic tio n s o n th e r o le o f F W A in th e f u tu r e c o m m u n ic a tio n
e n v ir o n m e n t a r e g iv e n in [1], [ 2 ] , [ 3 ] .
M o s t r e s e a r c h e ff o r ts in th e fi e ld o f multiple-input multiple-output ( M I M O ) c o m m u n ic a -
tio n s u tiliz e th e fa d in g g iv e n b y th e m u ltip a th e n v ir o n m e n t, w h ile F W A a t h ig h f r e q u e n c ie s
u s u a lly r e q u ir e s a s tr o n g line-of-s ig h t ( L O S ) c o m p o n e n t f o r s u ffi c ie n t c o v e r a g e . H o w e v e r,
s o m e r e c e n t p a p e r s h a v e s h o w n th e p o s s ib ility o f g e ttin g h ig h M I M O g a in f o r L O S c h a n n e ls
[ 4 ] , [ 5 ] , [ 6 ] .
T h is p a p e r c o n ta in s a m o r e c o m p r e h e n s iv e p r e s e n ta tio n o f th e r e s u lts w e fi r s t p r e s e n te d in
[ 7 ] , w h e r e w e c o m b in e th e L O S M I M O id e a s w ith p r o p a g a tio n m o d e ls f o r h ig h f r e q u e n c y
F W A . F o r s u c h s y s te m s p h e n o m e n a s u c h a s f o r in s ta n c e r a in h a s a n im p o r ta n t im p a c t o n
2the quality of the received signal. The transmission scheme utilized is based on eigenmode
transmission with bit loading and power allocation. We present a novel analysis of constraints
on maximum array size with regards to throughput for a LOS based MIMO system. The
performance is evaluated with respect to Shannon capacity, and with respect to throughput
when introducing a quality of service (Q oS) requirement and low density parity check (LDPC)
coded modulation. Other simulation results based on the optimal design principle for LOS
MIMO were recently reported in [8 ], [9 ], where a ray-tracing model is applied to investigate
the performance of a 5.2 GHz system in an urban transmission environment.
The rest of the paper is organized as follows. Section II presents the system model with
the transmission scheme applied. Then in Section III the channel model and signal-to-noise
and-interference ratio (SNIR) calculations are described, while results and conclusions are
given in Section IV and Section V respectively.
II. SY STEM MODEL
When employing multiple antennas at the transmitter (Tx) and receiver (Rx) in a multiuser
system, it has been shown that the optimal with respect to sum capacity is to do beamforming
when the number of users becomes large [10]. This transmission technology is called spatial
division multiple access (SDMA), and it makes it possible to do communication between
several sub scrib er units (SUs) and the b ase station (BS) at the same time, and in the same
frequency band. However, in this paper we have chosen to investigate the performance of a
single MIMO link, where the spatial domain is exploited by employing spatial multiplexing.
This communication link could of course be part of a multiuser system, for example by
dividing the channel into time slots, i.e. time division multiple access (TDMA), and dividing
these time slots between the SUs. Consequently, the performance results presented for the
single link can easily be extended to performance results for the whole multiuser system
when employing TDMA and spatial multiplexing.
Even though fixed wireless LOS transmission at high-frequencies is generally not exposed
to rapid channel variations, it can be argued that it is beneficial to utilize channel state
information (CSI) feedback to the Tx in some scenarios. For example, a rain event can
introduce a severe change in the channel characteristics as described in Section III. The
CSI needed at the Tx for our system is the MIMO channel matrix characteristics and the
subchannels’ SNIR. The channel estimation problem will not be studied in this paper, i.e.
we will assume that perfect CSI is available at both the Tx and the Rx.
3A. Transmission on eigenmodes
Transmission over a slowly varying and frequency-flat fading MIMO channel in complex
baseband can be expressed as [11]
r =
√
χ ·Hx + n, (1)
where r ∈ CM×1 is the received signal vector, the factor χ is the common power gain over
the channel, H ∈ CM×N is the normalized channel matrix, x ∈ CN×1 is the transmitted
signal vector, and n ∈ CM×1 is the complex additive white G aussian noise (AWGN) vector.
The elements in H links the N Tx antennas with the M Rx antennas (transfer function). It
is assumed that all the subchannels experience the same path loss. This common path loss
is incorporated in the χ factor. Furthermore, the channel matrix is normalized, which means
that the elements have an average power of one.
The CSI assumed available at both sides of the communication link is utilized to transmit
on the eigenmodes. By doing a singular value decomposition (SVD) [12, p.54], H can be
expressed as H = UΣVH , where U ∈ CM×M is a unitary matrix, Σ ∈ RM×N is a diagonal
matrix with the singular values of H as its elements (denoted σH,i and descending sorted from
upper left to lower right), and V ∈ CN×N is a unitary matrix containing the eigenvectors
of H. Eigenmode transmission is accomplished by pre-multiplying the symbol vector to be
sent with the unitary matrix V, i.e. transmitting on the eigenvectors of the channel matrix.
The resulting subchannels are orthogonal to each other, which means there are no cross-talk
between them.
The CSI will also be employed to introduce power allocation on the eigenmode channels.
This can be modeled by multiplying the symbol vector s with a diagonal matrix W ∈
R
N×N . The diagonal elements of the power allocation matrix is denoted σW ,i, and they are
subject to the total Tx power constraint
∑N
i= 1 σ
2
W ,i = P . By doing this preprocessing of the
symbol vector, and utilizing the SVD of H, we get the following expression for the MIMO
transmission:
r =
√
χ ·Hx + n
=
√
χ ·UΣVH︸ ︷ ︷ ︸
H
VWs︸ ︷ ︷ ︸
x
+n
=
√
χ ·UΣWs + n.
Defining r˜ = UHr and n˜ = UHn, we obtain
r˜ =
√
χ ·ΣWs + n˜, (2)
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Fig. 1. Eigenmode transmission system with power allocation.
where r˜ ∈ CM×1 is the vector obtained after combining at the Rx. It is easy to show that n˜
has the same statistical properties as n (same distribution).
From (2) we observe that the first J elements of the r˜ vector can be viewed as parallel
single-input single-output (SISO) AWGN channels, each with gain
√
χ · σH,i · σW,i, where
J = rank(H)1. The remaining M −J elements of r˜ contain no information only noise. Even
though σH,i 6= 0 for i ∈ { 1, . . . , J}, it is not always beneficial to utilize all J equivalent
SISO channels when employing the waterfi lling (WF) power allocation scheme, as will be
described in Section II-B. In Figure 1, the transmission system described is illustrated, while
the equivalent form from (2) is shown in Figure 2.
B . P ower allocation and bit loading
As mentioned earlier the system has total available Tx power P . This power should be
distributed between the subchannels in a smart way. Usually a transmission system is subject
to some kind of QoS-constraint given by the application. In this paper we introduce a bit-
error-rate (BER) constraint, i.e. each subchannel should have a instantaneous BER lower
than a given threshold, BER0.
1The rank of a matrix is equal to the number of independent rows and/or columns of the matrix, and is equivalent to the
number of non-zero singular values.
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Fig. 2. Equivalent eigenmode transmission model with power allocation.
One simple but not optimal way to use the Tx power is to divide it equally between the
subchannels. The bit loading can then be performed by maximizing the bit rate on each
subchannel with the BER-constraint based on the subchannels’ SNIRs.
A better but more complex scheme was presented in [13]. It is referred to as QoS-based
WF. The method starts by dividing the total Tx power between the subchannels according
to the WF distribution, and is further constructed with the objective to use minimum power
to achieve the BER-threshold on each subchannel, and re-distribute the residual power in a
smart way. The step by step procedure is described in [13].
C. Coding and modulation
In this paper we utilize LDPC codes with QAM/PSK modulation. LDPC codes are block
codes proposed by Gallager in 1963 [14]. Its main features is the high performance together
with the iterative decoding scheme, where the complexity only grows linearly with the block
length. As an example of LDPC codes we use the results from [15, Table 3], where the
block length is 200 QAM/PSK channel symbols. We introduce a QoS-requirement of BER
less than 10−6. The SNIR thresholds for where each transmission mode starts to fulfill the
BER-constraint are given in Table I. Furthermore, we assume transmitting at the maximum
inter-symbol-interference free symbolrate for a bandpass signal, i.e. 1 symb/s/Hz.
6TABLE I
SNIR THRESHOLDS FOR LDPC CODED QAM/PSK TRANSMISSION MODES WITH BER0 = 10
−6 .
Number Code rate Bit rate SNIR threshold
(infobit/symbol) in dB
1 1/2 1 3.84
2 2/3 2 9.27
3 3/4 3 12.59
4 4/5 4 15.93
5 5/6 5 18.83
6 6/7 6 21.86
7 7/8 7 24.98
8 8/9 8 27.92
D. LOS based MIMO transmission
Usually MIMO is employed to utilize the decorrelation between the subchannels that is
introduced by a rich multipath environment. In [4] and [5] it was shown that a pure LOS
channel can give a large MIMO gain by placing the antennas in the Tx and Rx in a smart way.
In [6] we studied the uniform linear array (ULA) case, and a more general geometrical model
was introduced where new parameters were incorporated. The optimal design parameters
resulting in an orthogonal LOS matrix were given by
dtdr =
λR
V c o s θt c o s θr
, (3)
where dt and dr are the antenna separation distance at the Tx and the Rx respectively, λ is
the wavelength, R is the distance between Tx and Rx, V = m a x (M, N), and θt and θr are
the relative angles between the arrays [6]. From the equation we see that the product between
dt and dr is the key design quantity. This product is referred to as the antenna separation
product (ASP).
In [6] the sensitivity with regards to deviation from the optimal ASP value in (3) was
studied, based on a deviation factor η. The deviation factor is defined as the ratio between
the orthogonal ASP, i.e. RHS of (3), and the actual ASP. For example, a deviation factor
of 2 can be interpreted as an actual ASP of half the optimal, i.e. too small antenna arrays.
It was shown that the LOS MIMO scheme actually performs better than MIMO based on
uncorrelated Rayleigh subchannels for small deviation factors.
7E. Shannon capacity
Optimal power allocation with respect to capacity when the channel is known at the Tx
is in accordance with the WF scheme [11]. The capacity is then given by
CWF =
J∑
i=1
(
log 2
(
ξ
χ · σ2H,i
σ2n
) )
+
bit/s/Hz, (4)
where σ2n is the noise (and interference) power at one Rx antenna, (x)+
∆
= max(0, x), and ξ
is chosen to satisfy
σ2W,i =
(
ξ − σ
2
n
χ · σ2H,i
)
+
i ∈ {1, . . . , J}, (5)
with the constraint on the total Tx power
∑N
i=1 σ
2
W,i = P , as described earlier (σW,i = 0 for
i ∈ {J + 1, . . . , N} since the channel gain is zero for these subchannels).
III. CHANNEL MODELING
In Figure 2 there are three parameters that are dependent on the transmission environment,
i.e. χ, σH,i and n˜i. In this section we will discuss them further, and present models that
is applicable for our system. To keep the analysis clear and easy-to-follow, we restrict the
propagation modeling to the influence of path loss and rain. We acknowledge that there
are other channel effects that are important with respect to propagation at high frequencies
as well, e.g. scintillation and vegetation [16], but in our opinion the results based on our
simplified model still give important insight into the performance of LOS MIMO systems
at high frequencies. The section is rounded off by giving an expression for the SNIR of the
communication link.
A. Propagation model
To predict the signal attenuation for our high frequency system we utilize a propagation
model called Free space + R MD [17, p.98], where RMD is short for R efl ection/Multiple
Diffraction. This propagation model is based on the basic principles of physics rather than
statistical outcomes from experiments. Only the LOS attenuation part of the model will be
used, and it is given by [17, p.102]
LLOS = 3 2 .4 5 + 2 0 log f + 2 0 log R + Ar + Af r. (6)
Here, f is the frequency in GHz, Ar is a reflection attenuation term, and Af r is the attenuation
because of Fresnel zone obstruction. However, for simplicity the two attenuation terms, Ar
8and Afr, are set to zero dB. This is common for the Ar term when the reflection point is not
precisely known. To justify the removal of Afr, we assume that the signal path has sufficient
clearance from potential obstacles. However, if one is to analyse a specific communication
link, one should verify that this actually is the case.
If the transmitted signal is exposed to rain, additional attenuation is introduced. To model
the rain attenuation we use Crane’s rain fade model. The model is given as follows [17,
p.144]
Lrain = kR
α
rain
(
eµ αr − 1
µα
− b
αecαr
cα
+
bαecαR˜
cα
)
dB
for r ≤ R˜ ≤ 22.5 km
Lrain = kR
α
rain
(
eµ αR˜ − 1
µα
)
dB for r > R˜
where
µ =
ln (bec r)
r
b = 2.3 ·R−0.17rain
c = 0.026 − 0.03 · ln (Rrain)
r = 3.8 − 0.6 · ln (Rrain)
Rrain = rain rate in mm/h
R˜ = path length in km. (7)
Values for the two regression coefficients, k and α, which are functions of frequency and
polarization, can be found in [18].
Now, the power gain from the Tx to the Rx at a distance R is given by
χ(dB ) = Gt(dB ) + Gr(dB ) − LLOS − Lrain, (8)
where Gt and Gr are the Tx and Rx antenna gain respectively.
B. Short term variation
In addition to the extra attenuation, rain introduces a short term stochastic behavior for
the received signal. In [19] it was suggested that the received amplitude follows a Ricean
distribution. Ricean MIMO channels can be modeled as a sum of two channel matrices, one
LOS and one non-LOS (NLOS), where the Ricean K-factor is defined as the ratio between
9the power of the two [4]. As mentioned earlier the channel matrix H is assumed to be
normalized, i.e. the common path loss is moved out of the matrix. Under a rain event the
channel matrix can thus be modeled as
H =
√
K
K + 1
HLOS +
√
1
K + 1
HNLOS. (9)
Here, K is the Ricean K-factor which is given by [19]
K(dB) =

 16.88 - 0.04 Rrain dB Rrain 6= 0∞ dB Rrain = 0. (10)
As observed from (9) and (10) the channel matrix becomes a pure LOS matrix, and thus
deterministic, when there is no rain.
To be able to investigate the MIMO system the elements of HLOS and HNLOS have to be
determined. For the LOS matrix the geometrical model presented in [6] is applied. This model
is based on ULAs at both sides, and the arrays can take any orientation. The amplitudes of the
matrix elements are equal to one as described earlier, while a ray-tracing technique is used
to find the different phases over the Rx array. The reader is referred to [6] for further details.
The NLOS matrix elements are independent and identically distributed complex Gaussian
(Rayleigh matrix), with variance equal to one because of the normalization. Consequently, it
is assumed that there are no correlation between the different NLOS components.
The equations above show that the performance of a radio link operating at high frequencies
is heavily dependent on the rain rate. Rain rates are usually given by the probability that the
rain exceeds a given value in millimeters per hour (mm/h). Areas that have high total rainfall
could have fewer deep rain fade periods than areas with lower total rainfall. This is because
it is the intensity of the rain that decides the fading depth. Worldwide rain rate contour maps
can be found in the literature, e.g. in [20].
C. Signal-to-noise and-interference ratio
In Section II-A the channel was modeled as an AWGN channel, i.e. the radio link is
exposed to additive noise. We introduce two different noise sources: thermal noise at the Rx
and noise due to interference from co-channel users. The equivalent noise power at the Rx
is given by
σ2n = kT0B · F + PI W, (11)
where k is Boltzmann’s constant (1.38 · 10−23 J /K), B is the channel bandwidth, T0 is room
temperature (29 3 K), F is the Rx noise figure, and PI is the co-channel interference power.
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Consequently, we have modeled the co-channel interference as Gaussian, and even though
this is not true in general, it can be argued that it makes sense as the number of interferers
increase (Central Limit Theorem). The SNIR for subchannel number i in Figure 2 then
becomes
SNIRi(dB) = 20 log(σW,i) + 20 log(σH,i) + χ(dB)− 20 log(σn). (12)
In the results section we will utilize the average received SNIR at one Rx antenna when
comparing the performance of different systems, which becomes γ¯ = P ·χ
σ2
n
.
I V . R E S U L T S
W e s ta r t b y in v e s tig a tin g th e lin k p e r f o r m a n c e a s a f u n c tio n o f th e a n te n n a a r r a y d e s ig n
f o r a fi x e d a v e r a g e S N I R . T h e q u a lity o f th e a n te n n a a r r a y d e s ig n is q u a n tiz e d th r o u g h th e
d e v ia tio n p a r a m e te r η, a s d e s c r ib e d in S e c tio n I I - D . T h e c a s e in v e s tig a te d c o u ld f o r in s ta n c e
b e a S U in a fi x e d p o s itio n w ith a g iv e n a v e r a g e S N I R , w h e r e w e w a n t to e x p lo r e h o w th e
a r r a y d e s ig n a ff e c t th e p e r f o r m a n c e .
I n F ig u r e 3 th e th r o u g h p u t c h a n g e a s a f u n c tio n o f η is illu s tr a te d f o r a 3 × 3 M I M O
s y s te m w ith L D P C c o d e d m o d u la tio n f o r b o th p o w e r a n d b it a llo c a tio n s c h e m e s . T h e S h a n n o n
c a p a c ity is a ls o p lo tte d a s a r e f e r e n c e . F r o m th e fi g u r e w e c a n c le a r ly s e e th e p e r f o r m a n c e
g a in b y d o in g a c o r r e c t a n te n n a a r r a y d e s ig n , a s th e th r o u g h p u t d e c r e a s e s w h e n m o v in g a w a y
f r o m o p tim a l (η = 0 d B ) w ith in c r e a s in g d e v ia tio n fa c to r. T h e fi g u r e a ls o illu s tr a te s th e g a in
b y u s in g Q o S - b a s e d W F in c o n tr a s t to th e e q u a l p o w e r a llo c a tio n s c h e m e .
F ig u r e 4 s h o w s th e im p a c t o f r a in r a te o n th e th r o u g h p u t f o r th e s a m e s y s te m a s in F ig u r e 3 .
W e o b s e r v e th a t w h e n th e r e is n o r a in th e c h a n n e l is d e te r m in is tic a n d s o is th e th r o u g h p u t
( d is c o n tin u o u s c u r v e ) , w h ile f o r r a in r a te s g r a te r th a n z e r o th e c h a n n e l b e c o m e s s to c h a s tic
a n d th e th r o u g h p u t is a v e r a g e d o v e r a ll c h a n n e l r e a liz a tio n s ( s m o o th c u r v e s ) . I t is in te r e s tin g
to s e e h o w th e th r o u g h p u t is in c r e a s e d f o r la rg e v a lu e s o f th e d e v ia tio n fa c to r a s th e r a in
r a te in c r e a s e s . T h is is b e c a u s e HL O S b e c o m e s lo w r a n k f o r la rg e d e v ia tio n fa c to r s [ 6 ] , b u t
in c r e a s in g r a in r a te s in c r e a s e s th e in fl u e n c e o f HN L O S , w h ic h is h ig h r a n k . I t is im p o r ta n t
to n o te th a t w e h a v e is o la te d th is e ff e c t b y u s in g a c o n s ta n t a v e r a g e S N I R . F r o m C r a n e ’s
r a in fa d e m o d e l w e k n o w th a t a n in c r e a s in g r a in r a te a ls o in c r e a s e s th e a tte n u a tio n , a n d th is
e ff e c t is n o t ta k e n in to a c c o u n t h e r.
W e n o w g o o n e s te p f u r th e r a n d in c lu d e th e p r o p a g a tio n m o d e l; th u s th e a v e r a g e S N I R
is n o t c o n s ta n t a n y m o r e b u t a f u n c tio n o f th e d is ta n c e R a n d th e r a in r a te Rr a in . I n th is
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Fig. 3. Throughput as a function of deviation factor η for a 3 × 3 MIMO system with LDPC coded modulation and
different power and bit allocation schemes. No rain situation (pure LOS) and γ¯ = 2 0 dB.
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TA BLE II
PA RA METER VA LUES USED TO PRODUCE TH E RESULTS
Parameter Value
Carrier, fc 40 G H z
BS antenna gain, GB S 15 dBi
SU Tx power, PS U -6 dBW
SU antenna gain, GS U 32 dBi
Receiver Noise figure, F 8 dB
Bandwidth, B 28 MH z
Number of interfering SUs, NI 3
Distance to interfering SUs, RI 5 km
Relative array angle, θt and θr from (3) 0
◦
Regression coefficient, αv 0 .9 29
Regression coefficient, kv 0 .31
paper we look at the link from the SU to the BS, i.e. uplink. The only difference when
investigating the d o w nlink is that we need to change some of the parameter values used; the
models remain the same. A set of realistic parameter values are chosen to produce the results.
Most of the values are found in [21, A pp.B], and reproduced for convenience in Table II
together with the other parameters employed. The noise and interference power employed to
produce the results corresponds to a Rx noise figure of 8 dB, and three identical interfering
SUs transmitting with the same power and propagation model (no short term variation) as
the desired SU at a distance of 5 km (because of frequency reuse). For a real system, the
number of interferers and distance to the interferers, are dependent on the cellular layout and
channel reuse strategy chosen for the system.
In Figure 5 we investigate the effect of constraining the maximum array size. The Shannon
capacity is plotted for different array size constraints. The BS array size is fixed while the
SU array size is adapted perfectly with distance (Eq. (3)) until it reaches its limit, SUmax,
where the A SP is frozen for longer distances (i.e. not optimal design for these distances).
Two different MIMO dimensions are plotted together with a SISO system as reference. A first
observation is that the figure supports the promising results of LOS based MIMO systems
found in [6], and a substantial gain over SISO is predicted. Further, the figure shows that
to follow the perfect A SP one needs a larger array for larger MIMO dimensions. For the
5× 5 case the performance for the different array size constraint situations deviate from the
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Fig. 5. Shannon capacity as a function of distance for a no rain situation (pure LOS) with array size constraint.
unconstrained performance as the distance increases. The first scenario (BS = 2 m, SUmax =
1 m) starts to deviate at approximately 100 m, while the deviation begins at 300 m for the
last scenario (BS = 3 m, SUmax = 2 m). For the 2× 2 case the constrained situations follow
the unconstrained much better. The last scenario seems to follow the unconstrained capacity
all the way to 2000 m.
In Figure 6 the throughput for a MIMO system employing LDPC coded modulation with
QoS-based WF is plotted for different rain rates. A 3× 3 system is considered, and perfect
ASP adaptation is assumed. The figure shows that as the rain rate increases the throughput
also increases. This can be attributed to the reduced co-channel interference power because
of the extra attenuation introduced by the rain, giving an increased SNIR. However, as the
rain rate continues to increase we see that the throughput decreases, and for large distances
becomes less than that of a rain rate of zero. The reason for this is the large extra attenuation
that the rain forces on the desired signal, and even if the interference power is reduced, we
still have a constant thermal noise. The transmission scheme used seems to fit best to the
propagation scenario in the no rain case, as the throughput adapts best with distance. For
the other cases, the throughput is constant equal to 24 bit/s/Hz in large regions near the
BS, which is maximum throughput for the transmission modes implemented (3 · 8 = 24 ).
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Fig. 6. Throughput as a function of distance for a 3 × 3 MIMO system with LDPC coded modulation and QoS-based
WF power and bit allocation for different rain rates.
Transmission modes offering higher bit rates could be used here to increase the performance.
V. CONCLUSION
The combination of transmission on eigenmodes with power and bit allocation for a LOS
based MIMO system is shown to be an interesting way of implementing FWA links at high
frequencies. It is shown that much higher throughput is obtained compared to traditional
SISO transmission. This is true even if we have some throughput loss when we restrict the
array sizes used.
The influence of rain on the radio link is dependent on the combination of several factors.
It is beneficial with regards to reduced interference from co-channel users and increased rank
for the channel matrix for large deviation factors, but it is negative with respect to extra
attenuation of the desired signal.
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